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An electronically scanned antenna array is described. It consists of a broadside array 
of seven Yagi elements spaced 1.4 wavelengths apart. Each element antenna is connected 
to a preamplifier-converter. Each converter is connected to a local oscillator differing by 
20 c/s from that connected to the converter for the adjacent element. All oscillators are 
locked in phase. The converter outputs are connected to a common IF amplifier. This 
arrangement produces a 5.8-degree-wide beam swept over a 41.8-degree azimuth sector at 
a rate of 20 scans per second. The system operates at 40.92 Mc/s. The output of the sys- 
tem is displayed on an oscilloscope, and data on the direction of arrival and character of a 
distant VHF signal are presented visually. 

Sample records of signal components propagated by ionospheric scatter, meteor trail 
reflections, and sporadic- 7$ layer are cited. 



1. Introduction 

An antenna having a very narrow width of main 
lobe is a useful tool in the field of propagation studies. 
It can enable an investigator to resolve the modes 
of propagation arriving from different directions. 
Many of the important propagation phenomena are, 
however, subject to rapid variation with time. It is 
important, therefore, that, in addition to high resolv- 
ing property, the antenna be capable of being scanned 
over the desired sector at a rate more rapid than the 
change of the propagation phenomena being studied. 
A project for the design and construction of an an- 
tenna system demonstrating this principle was au- 
thorized in July 1959. This paper describes the 
accomplishments on the project to date. 

The application of an antenna is essential in se- 
lecting its parameters. This particular antenna had 
as its object the measurement of the direction of 
arrival of a VHF signal (40.92 Mc/s) transmitted 
from a point 1295 km (805 mi) away, and propagated 
variously by ionospheiic scatter, meteor trail reflec- 
tions, and sporadic E'-layer reflections. It was an- 
ticipated that the direction of arrival might depart 
by 10 and more degrees off the great-circle route. 
It was not, however, anticipated to be further than 
about 20 deg off because the reflection points had to 
be visible optically from both the transmitting and 
receiving points. The signal scattered by the iono- 
sphere is known to be fluctuating rapidly. The du- 
ration of the meteor trail reflection varies, but is 
likely to be of the order of 1 or 2 sec. For this reason 
the duration of the scan had to be of the order of 0.1 
sec or shorter. In addition, the maximum acceptable 
rate of scan was, in this application, limited by con- 
siderations of pulse transmission and beamwidth. 



i Contribution from Central Radio Propagation Laboratory, National Bureau 
of Standards, Boulder, Colo. 
2 Figures in brackets indicate the literature references at the end of this paper. 



In order to measure the path delay, it was planned 
to utilize pulse transmissions for some of the measure- 
ments. Earlier work by Carpenter and Ochs [l] 2 
showed that relative path delays greater than 0.5 
msec were rare, but that reasonably numerous delays 
in the time of arrival up to that value could be ex- 
pected. This would restrict the pulse repetition rate 
to 2000 pps. A pulse repetition rate of 500 pps was 
decided upon. The pulse repetition rate and the 
beamwidth of the main lobe set a limit on the maxi- 
mum rate of scan. Thus, if the beamwidth were 1 
deg and the pulse repetition rate —500 pps, for com- 
plete sector coverage without gaps the maximum 
scan speed should be limited to 500 deg/sec. For a 
2-deg beamwidth it could be 1000 deg/sec. If the 
sector of scan were restricted to 40 deg, 20 deg to 
each side of the great-circle path, the maximum per- 
mission scanning rate would, for the two cases, be 
12 and 25 scans per second. This is the limit on the 
maximum rate of scan. 

The conventional means of obtaining a radiation 
pattern narrow in one plane is to make an antenna 
wide in that plane. While there are available 
methods for reducing the beamwidth of an antenna 
of a given dimension, these methods have limitations. 
The array described here was designed and employed 
conventionally. It consists of 7 horizontally polar- 
ized 5-element Yagi antennas in a broadside array. 
The spacing was made as large as possible without 
introducing harmful directional ambiguities. The 
spacing settled upon was 1.4 wavelengths. This 
resulted in ambiguities at an angle of 20.9 degrees 
off the great-circle path. For any other point within 
the 20.9°-0 o -20.9° sector, the other point of ambi- 
guity lies outside the sector and may be presumed to 
be very improbable. Five-element Yagis were 
selected because their half-power beamwidth in the 
.E-plane, 56 deg, permitted operation within the 40- 
deg sector without introducing serious inequality of 
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Figure 1. A view of the antenna syste 



response. At the same time they were effective in 
discriminating against the signals outside the sector. 
The gain of the individual Yagi antenna was approxi- 
mately 11.3 db relative to an isotropic radiator. 
The beam width of the array, when directed straight 
ahead, was computed to be 5.8 deg for 20-db side- 
lobe suppression. 

Figure 1 is a view of the array. It is located on 
the Table Mesa near Boulder, Colo. It is directed 
at a bearing of 84.66° pointing along the great-circle 
path, towards the transmitter at Long Branch, 111., 
field station 1295 km away. 

2. Principle of the Electronic Scan 

Because the method of electronic scan introduced 
with this antenna is the important contribution to 
the project, it is believed desirable to describe it in 
some detail. 

Figure 2 is a diagram of a 7-element stationary 
array in which the directivity is obtained by proper 
phasing of the element currents. If the elements 
are equispaced with a separation d and the beam is 
to be directed at an angle /3 to the right, it is necessary 
to advance the phase of the current in elements 3 h 
2 1, and l t by phase angles 35, 28, and 8 where 
S=2ir(d/\) sin /3. The phases of the currents in the 
elements on the right side have to be retarded by 
corresponding angles. Such phasing can be accom- 
plished either mechanically, electrically, or electron- 
ically. Many ingenious methods of doing this have 
been tried [2]. All of them have some drawbacks. 
With this antenna, a method of phasing in a mixer 
circuit is introduced. 

It is known that when two voltages, ei=A sin 
2 t/i and e 2 =B sin (27r/ 2 +5), are connected to the 
inputs of a nonilnear network, the outputs will con- 



FORWARD 

DIRECTION 

£ = 



/ ^K 
/ / 



r^ 



>% e * 



2| 


IJ 












"< 



< 



^ 



Figure 2. A diagram of a seven-element broadside array 
illustrating the steering of the main beam by phasing. 



tain the sum and difference of frequency voltages, 
e,=<7cos [2ir(/i+/2) + 5] and e d =C cos [2T(/ r / 2 )-5], 
in which the phase relationship of the original volt- 
ages is not lost. If e 2 is the local oscillator voltage, 
the phase of the signal contributed by an element 
antenna is controllable by varying the phase of the 
local oscillator. The practical means of doing it is 
by varying 8 continuously in one direction so that in 
a time interval, t s , it changes from to 2w. Such a 
continuous phase change is equivalent to an incre- 
mented frequency change, A/=(l/£ s ). To obtain 
proper scan of the antenna, it is necessary to connect 
each to its own converter with the local heterodyne 
voltages differing in frequency by frequency incre- 
ment Af. If the local heterodyne voltage for antenna 
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is e =A sin 2irfo the local heterodyne voltages for 
antennas 3j, 2 Z , and l t will be e 3 , e 2 , and e x , equal 
respectively to ylsin27r(/o—3A/),^l sin27r(/ — 2A/) and 
A sin 2w(f —Aj). The element antennas on the right 
side of the array should have local heterodyne frequen- 
cies increased by the same increments. The beam of 
such antenna will rotate unidirectionally from left 
to right with a scan frequency equal to a/. It 
should be noted that the range of scan is from one 
main lobe to another. If the element spacing, d, 
were equal to X/2, for 8= ± -w there would be two main 
lobes, at /3= — 90° and +90°, respectively. Thus, 
the scan would begin at jS= — 90° and sweep to 
+90°. If the spacing, d, were less than X/2, the main 
beam would form in the imaginery region of sin /? 
< — 1, sweep through the real sector —90° to 0° to 
+90°, and disappear into the imaginary region of sin ft 
x>+l. If d were greater than X/2, several main 
beams might be present at all times and the entire 
ensemble of main beams would rotate clockwise. 
For d=1.4X and 8=ir, there is a main lobe in the 
imaginary region, 0=sin _1 — 1.07, two real lobes at 
—20.9° and +20.9°, respectively, and another lobe 
in the imaginary region, j8=siii -1 + 1.07. In one 
cycle the beams sweep through one interval between 
lobes. In this discussion, the fact that the radiation 
pattern has mirror-image symmetry about the line 
of the array has been ignored. In physical con- 
struction, a reflecting screen or unidirectional ele- 
ments would normally be employed. 

The proper operation of this scanning technique 
is very dependent upon finding a successful solution 
to the problem of generating an ensemble of local 
heterodyne voltages. These have to differ in 
frequency by the increment a/, but must be locked 
in phase. It is possible to accomplish this in a 
number of ways. The method selected here was to 
pulse the oscillator having a fundamental frequency 
% at a pulse rate corresponding to a/. If the length 
of the pulse is short, a spectrum of frequencies is 
generated with the center frequency at/ ^ n( i other 
frequencies at increments of a/ up and down the 
frequency scale, all of these voltages will be in phase 
or 180 deg out of phase. If the length of the pulse 
is short compared to 2/(nAJ), the amplitudes of 
different frequency voltages will be approximately 
the same and the phases the same, n is the number 
of elements in the array. The frequencies can then 
be separated by crystal filters. In practice, it was 
found desirable to generate and separate the fre- 
quency ensemble in the 20 kc/s band, and to step up 
the frequencies after separation, by heterodyning 
against a common oscillator in two steps. The 
20-c/s frequency separation produced a corresponding 
sweep rate. This was rapid enough to observe the 
propagational variations with time. It was also 
sufficiently slow to observe pulse transmission 
without gaps in the sector coverage. 

3. Details of Construction 

The design for the five-element Yagi antenna had 
been worked out in detail a number of years pre- 



viously for another application. Its gain was 
measured to be 11.3 db relative to an isotropic 
radiator. The approximate half-power width of the 
main lobe was measured to be 50 deg. Within the 
sector of interest, 21°-0°-21°, the gain varied 
within ±1 db of the mean. The secondary lobe 
level was below —24 db. Each Yagi was matched 
to have a coaxial terminal impedance of 50.0 ohms. 

The Yagi antennas were separated by 33.65 ft 
(1.4 wavelengths). From earlier measurements, it 
is known that, at this separation, the effect of one 
of these antennas on the radiation pattern of the 
adjacent one is negligible. 

For communication over a 1295 km path via 
ionospheric scatter mode, the optimum angle of 
departure is computed to be approximately 6.7 deg 
and the height of the antenna, 2.15 wavelengths 
(approximately 52 ft). All of the antennas were 
connected to the equipment by equal lengths of 
RG-9B/U coaxial cable. It was contemplated that 
the antenna would be adjusted to have a Dolph- 
Chebyshev current distribution for a — 20-db side- 
lobe level. On that basis, the beamwidth of the 
array was computed to be 5.84 deg. 

Figure 3 presents the computed radiation pattern 
of the array. The curve in clashed line is the radia- 
tion pattern of the single Yagi antenna. In com- 
puting this pattern, the antennas were assumed to be 
in phase; this produced the main lobe in the straight- 
ahead position. Other main lobes are at the 45°, 
135°, and 180° positions. 

The frequency of 10.70 Mc/s was selected for IF 
amplification; therefore, for 40.92-Mc/s reception, 
the local oscillator frequencies had to be centered on 
30.22 Mc/s. With the present state of filtering 
techniques, it would be difficult to separate com- 
ponent voltages spaced 20 e/s apart at this frequency. 
To avoid lengthy experimentation, the frequency 
of 18 kc/s was selected as being the highest at which 
ready separation of frequencies could be carried out. 

Figure 4 presents a block diagram of the electronic 
circuitry involved in the production of beam scan. 
An 18-kc/s crystal-controlled oscillator is pulsed at 
a rate of a/=20 pps. The length of the pulse is 
4 msec; a short pulse is required in order that the 
amplitudes of the required sidebands remain in 
phase and reasonably constant. The output of the 
pulsed oscillator contains frequencies of 18 kc/s, 
18 kc/s + a/', 18 kc/s + 2 a/, ... 18 kc/s -a/, 18 
kc/s— 2a/, . . . etc. The output is connected to 
seven filters in parallel, each adjusted to one of the 
desired frequencies. The passband of each crystal 
filter is essentially flat for 6 cycles, centered at the 
individual crystal filter design frequency. The 
rejection of the unwanted sidebands by each crystal 
filter is at least 30 db. Each selected frequency, 
18 kc/s+rA/, is stepped up by beating against a 
2-Mc/s oscillator to 1.982 Mc/s- taI. This fre- 
quency, in turn, is filtered from 2 Mc/s and 2.018 
Mc/s+rA/ frequencies. 

The 1.982 Mc/s— rAf frequency is again stepped 
up to 30.22 Mc/s— vaj by heterodyning with a 28.238 
Mc/s oscillator, and separated from 28.238 Mc/s and 
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Figure 3. Computed radiation pattern in "E-plane of an array of 7 Yagi antennas. 
Currents adjusted to Dolph-Chebyshev distribution for -20-db side-lobe level. 
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Figure 4. Block diagram of one filter-mixer and preamplifier-converter channel 



26.256 Mc/s + rA/ frequencies by filtering. From 
there it is connected to its appropriate, rth, converter. 
The seven crystal filters for the 18-kc/s frequency 
ensemble are the only critically adjusted items of 
the circuitry. Other filters and components are 
readily interchangeable with components of other 
channels because frequency separation is reasonable. 
In order not to introduce phase differences, care was 
exercised in adjusting antennas to have identical 
characteristics, to cut all transmission lines to be 
equal in length, and to construct all equipment per- 
taining to the seven channels to be as nearly identical 
electrically as possible. This avoided gross differ- 
ences in phases or amplitudes. Provisions were 
incorporated in the frequency-generating circuits for 
compensating for small unavoidable discrepancies in 
phase. Provisions were also incorporated for adjust- 
ments in amplitude over a range of several decibels. 



This was to provide for tapering the current distri- 
bution of the array. Figure 5 shows a view of the 
equipment mounted in the rack. 

4. Adjustment of the Antenna 

Before the antenna was placed in operation, it was 
expected that difficulties would be encountered with 
unequal phase and amplitude variations in the seven 
channels. It was also felt that the adjustments of 
the electronic equipment could not be expected to 
remain sufficiently stable for very long periods of 
time. Practical experience with the equipment, 
however, dispelled these apprehensions. Phase and 
amplitude differences were small and easily compen- 
sated for; the stability was such that adjustments 
remained satisfactory from one day to another, even 
after equipment shutdown. The process of adjust- 
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Figure 5. A view of the electronic equipment for production of 

rapid scan. 



merit itself proved to be easier than with a non- 
scanning array because the effect of each adjustment 
was visible immediately on the oscilloscope display. 
After some experimentation, a procedure for ad- 
justment was evolved. The phases and amplitudes 
of each channel were adjusted, one at a time, with 
reference to the center element as follows: A preci- 
sion coaxial attenuator with insertion loss equal to 
the level of the rth element for Dolph-Chebyshev 
distribution is inserted in the coaxial line leading to 
the Oth (center) element. The rth element is con- 
nected through its circuitry with an insertion of 180- 
deg delay (half -wavelength coaxial line). The 
outputs of the Oth and rth converters are then 
combined in the IF amplifier and displayed on the 
oscilloscope. The amplitude of the rth element is 
adjusted to obtain a null (or a series of nulls, depend- 
ing on the value of r). The phase is adjusted to 
move the null into the center of the display. This 
is the complete adjustment routine for one, /th, 
element. After all elements are adjusted, they are 
connected together through their respective convert- 
ers to the IF amplifier. It is desirable to check the 
pattern by a distant target transmitter. Minor ad- 
justment can then be made to improve the secondary 
lobe level. A mobile target transmitter was also 
found to provide a convincing demonstration that 
the equipment really operated as intended. 



In lieu of a distant target transmitter a signal 
generator can be, and has been, employed. The 
antennas are disconnected. Eacli pre-amplifier is 
then connected through an individual, 20-db, preci- 
sion, coaxial attenuator to the signal generator. The 
distant target transmitter is thus simulated in the 
zero-degree position. If the combined input imped- 
ance of the seven circuits in parallel is matched 
back to the 50-ohm value, a means of quantitative 
calibration is provided. The equipment described 
is provided with solenoidally operated switches to 
provide means for rapid check and calibration. 

5. Results 

Since the output of the antenna is cyclic with a 
20 c/s repetition rate, it lends itself readily to oscillo- 
scope presentation. The horizontal sweep is trig- 
gered by the pulse, and the output of the receiver 
is connected to the vertical deflection plates. The 
display shows the signal amplitude as ordinate, with 
the direction of arrival as azimuth. Since a distant 
VHF signal arriving by ionospheric scatter mode is 
distributed in the direction of arrival, the display 
pattern is a convolution of the antenna radiation 
pattern and the true signal or signal pattern distri- 
bution. The phenomenon is familiar in radio 
astronomy and has been discussed at length by 
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Bracewell and Koberts [3]. When the signal arrives 
from a point source, as from a target transmitter, 
the display shows the true radiation pattern with 
the response maximum in the direction of the signal 
source. Figure 6 presents three displays recorded 
while a local target transmitter, mounted on a 
vehicle, moved in front of the antenna from left to 
right. It is useful for demonstrating the proper 
functioning of the system. 

Since this system was put in operation, 2 months 
ago, a variety of propagational phenomena have been 
observed on the frequencies of 40.88 and 40.92 Mc/s. 
During the greater proportion of the time, the 
observed signal arrives by a regular ionospheric 
scatter mode. Occasionally, strong meteor-trail 
reflections have been observed and recorded. These 
exceed the scattered signal by several orders in 
magnitude, but last only a second or two at a time. 
Signals propagated by sporadic-!? layer have also 
been observed. These are very steady, high in 
amplitude, and usually arrive along the great-circle 
path. Figures 7 through 10 illustrate the phenomena 
as observed using this antenna system. It should 
be noted that the recording camera was not syn- 
chronized with the sweep of the oscilloscope. In 
order to get at least one complete sweep, the shutter 
speed was set at 0.1 sec. Therefore, most records 
show two almost complete scans. These are not 
believed to be objectionable; in fact, they convey 
the transient nature of the phenomena. The interval 
between sweeps is 50 msec. 

Figure 7 presents photographic records illustrating 
propagation by ionospheric scatter. While the 
maximum signal is generally at, or close to, the 
great-circle path (0-deg azimuth), it fluctuates, 
both in amplitude and in direction. Occasionally, 
it deviates by more than 10 deg. from the great- 
circle path. The convolution of the radiation and 
the signal patterns is noticeably broader than the 
radiation pattern by itself. This is clear evidence 
that the signal pattern is dispersed. A higher 
resolution antenna is highly desirable for more 
detailed examination of the fine structure of the 
signal. 

Figure 8 is a record of several meteors. Although 
some are observed at zero azimuth, most are to one 
side or the other of the great-circle path. Because 
the duration of the meteor is very brief, it is not 
possible to adjust the sensitivity of the receivers to 
obtain a good full-scale deflection. Experiments are 
underway to adopt magnetic tape recording tech- 
niques for this application. The display pattern is 
very close to the radiation pattern of the antenna, 
indicating that the signal comes from a source 
which is virtually a point. 

Figure 9 shows a record observed while sporadic 
.E-layer propagation was taking place. The display 
pattern appears to be identical to the radiation pat- 
tern. This is to be expected from a specular 
reflection by a smooth surface. The signal is likely 
to remain steady for a considerable length of time and 
is usually along the great-circle path. 
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Figure 6. Display of responses obtained with a target trans- 
mitter in far zone moving from left to right. 

The response to a point source of radiation is the radiation pattern of the antenna. 
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Figure 7. Display of responses with signal arriving via 
normal ionospheric scatter mode. 

The response is a convolution of the antenna radiation pattern and the angular 
distribution of the signal components. 
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Figure 8. Display of responses with signal arriving via 
meteor trail reflection. 

The propagation mode identifiable by enhanced signal strength, duration of 
the order of a second, and off-great-circle direction of arrival. 

The similarity between the response pattern and the antenna radiation pattern 
indicates that the reflection is a point source. 
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Figure 9. 



Display of responses with si 
sporadic-^ layer reflection. 



+20 



arriving via 



The sensitivity of the system is greatly reduced relative to that used with 
scatter reception (of the order of 90 db). 

Besides high intensity, this mode is characterized by great-circle path direction 
of arrival and stability over a period of an hour or greater. 



Simultaneously with the 20-kw signal at 40.92 
Mc/s, used for the above experiments, there was a 
2-kw transmission at 40.88 Mc/s. Both originated 
at Long Branch, 111. The 40.92 Mc/s signal was 
radiated by a corner-reflector antenna with a half- 
power beamwidth of approximately 50 deg. The 
40.88 Mc/s signal was radiated by a rhombic antenna 
with a beamwidth of about 5 deg. Because the area 
of the ionosphere illuminated by one was so much 
greater than that illuminated by the other, it was con- 
sidered desirable to compare signals received simulta- 
neously on two frequencies. Two IF receivers tuned 
tol0.70 and 10.66 Mc/s were connected to the output 
of the antenna system at the same time. The 
outputs of the two receivers were connected to 
sections A and B of a dual-trace oscilloscope. 
Figure 10 illustrates the comparison between the 
two signals. While the study of propagational 
phenomena is beyond the scope of this paper, the 
application illustrates the versatility of the scanning 
principle. The principal limit on bandwidth of 
operation was, in this case, presented by the Yagi 
antennas comprising the antenna system. 

In the earlier discussion of the principles of the 
scan, it was mentioned that measurements using 
pulse transmissions were contemplated. In 1958 
and 1959, Carpenter and Ochs [1], using pulsed 
40.92 Mc/s transmissions, with 3-jusec pulse, at 250 
pps and 700 kw peak power, measured relative 
delay time for meteor reflections. Delays of over 
1 msec relative to the normal scatter signal were 
observed. By recording the distribution, they were 
able to deduce the direction of arrival of reflected 
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Figure 10. Display of simultaneous responses to signal at 
40.88 and 40.92 Mc /s. 

In addition to frequency difference, the 40.88-Mc/s transmission was character- 
ized by narrow (5-deg) beamwidth. 40.92-Mc/s transmission used 50-deg-wide 
antenna beam; 10-db difference in transmitted power maintained intensity of 
illumination at approximately equal level. 



signals. The equipment employed by Carpenter 
and Ochs has been, to a large extent, incorporated 
in this project. It is planned to modify the display 
so as to present the direction of arrival as azimuth 
(as it is now) but to show the relative delay in 
microseconds as ordinate and with intensity modula- 
tion amplitude. The display is similar to that 
familiar in television. Figure 11 shows the raster 
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Figure 11. Scan "Raster" for reception of pulses. 
Two-millisecond scan corresponds to pulsing period (500 pps). 
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form of the display. It should be noted that the 
line separation is 2 deg; this illustrates the discussion 
of the interrelations of minimum beamwidth and 
the maximum scanning rate earlier in this paper. 
Figure 4 12 presents a record of a signal arriving by a 




channels. The technique is analagous to that 
familiar in other applications. 

The antenna described in this paper scans in a 
single dimension. With a minor modification, the 
principle is equally applicable to a two-dimensional 
scan. Figure 13 illustrates this application. A 
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Figure 12. Display of response to pulse transmission using 
intensity modulation of oscilloscope and vertical sweep 
sychronized with pulsing rate. 



sporadic-S mode. Because of lack of power in the 
pulse transmitter, reception of regular ionospheric 
scatter has been unsatisfactory. 

Work is under way to overhaul the transmitter 
for high-power pulse transmission. Work is also 
under way to increase the size 4 of the array to 25 
elements. This would permit a beamwidth of 1.5 
deg with the present 20-db side-lobe level. A more 
detailed study of propagation phenomena can then 
be possible. 

6. Applications 

The significant characteristic of this antenna is 
the ease of obtaining very rapid rates of scan. The 
20 c/s rate was the slowest which was deemed readily 
realizable, without experimentation. As the scan 
rate is increased, the problem of separating the 
spectral frequencies of the pulse becomes easier. 
Scanning rates in the order of kilocycles, and even 
megacycles, appear realizable. 

The availability of very rapid scanning rates 
opens up an opportunity for use of sampling tech- 
nique for both measurement and communication. 
If the period of scan is shorter than the Nyquist 
interval for the message received, the information 
is fully preserved, even though the antenna is 
directed at the source only a fraction of the time. 
By proper gating, the information arriving from 
different sources can be directed into appropriate 



Figure 13. 



Application of electronic sweep to scanning in 
two dimensions. 



rectangular array of mXn elements is shown. 
These are arranged in m rows and n columns, 
n[(m — 1)/2] elements to each side of the center row, 
and m[(n — 1)/2] elements to each side of the center 
column. The elements may be identified by their 
position in the array, by row and column. 

The center element (0,0) is connected to a con- 
verter with a heterodyne frequency f . The array 
can then be scanned in the 0-plane at a scanning 
rate A/ if each converter receives its proper hetero- 
dyne voltage frequencies. For element (r,q), it 
should be jrq=fo±q&f> To obtain scan in the 
^-plane, at a scanning rate 5/, the heterodyne voltage 
frequency for the same element should be / r(7 =/o± 
rbj. To scan in both planes simultaneously, f rq = 
fo±r8f±qAf. The scanning operation itself would 
be analogous to the scan in the television picture. 
The ratio Ajjbj would determine the number of "lines" 
in the scan. It should be equal to, or greater than, 
the ratio of ^/W(j> where <£ is the width of the sector 
scanned in the 0-plane and W<t> is the half-power 
beamwidth in that plane. Since W<t> varies roughly 
inversely as the aperture, (m— l)d, the ratio Ajjbj 
should equal approximately the number of rows, m. 

A special case of interest above is a possible 
application of Mills' cross array. In this applica- 
tion, the rectangular array reduces to the central 
row and the central column with a common center 
element (0,0). The multiplicative process essential 
to the operation of Mills' cross can be added in 
addition to the scanning. A complete picture of a 
phenomenon varying with time over an area can 
then be obtained instantaneously. This might be of 
interest, for example, in radio astronomy in the 
study of solar eruptions. 
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All of the above applications are from the stand- 
point of receiving antennas. The principle is ap- 
plicable to transmission, but the techniques have 
to be modified considerably. 

7. Conclusions 

The 2 months of operation of this antenna system 
provide adequate evidence of the practical value of 
the scanning principle described here. In the par- 
ticular application detailed here, it provided a visual 
view of rapid variations in amplitude and direction 
of arrival with time. The information value of such 
a display is considerably greater than that of single- 
dimensional variation of amplitude with time. 

The stability of the system with time, temperature 
changes, etc., appears to be satisfactory. It should 
be noted that, in many respects, the- equipment as 
it is at present may be termed "breadboard." With 
some refmeirients, a very high order of dependability 
should be realizable* The adjustment df the array 
is actually much easier, than that of a conventional 
array without scan. Since the pattern can be dis- 
played on an oscilloscope, the effect of changing 
individual adjustment controls is instantly visible. 
The process of adjustment, therefore, becomes greatly 
expedited. 

The 5.8 deg beam width of the seven-element, 8.4 
wavelength-wide array is barely adequate to demon- 



strate the possibilities of the system. Reduction in 
beamwidth is, however, a matter of adding to the 
array. Work is under way to increase the number 
of elements to 25, and the overall array width to 
33.6 wavelengths. The beamwidth of the main lobe 
can then be reduced to 1.5 deg with 20-db side-lobe 
level. 

The generation of a phase-locked ensemble of fre- 
quencies for heterodyne use may be accomplished in 
a number of ways other than that described here. 
Phase-lock oscillators can be employed. A single 
oscillator at a frequency a/ may be used to generate 
harmonics which can be amplified and stepped up in 
frequency by beating against a common oscillator. 

Application to two-dimensional scan appears to be 
straightforward but, of course, remains to be tried. 
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Amplitude and phase of the low- and very-low-radiofrequency 
ground wave, J. R. Johler, L. C. Walters, and C. M. Lilley, 
NBS Tech. Note 60 (PB161561) {I960) $0.75. 

Graphs and tables of the low- and very-low-radiofrequency 
ground wave are presented as a function of frequency, 
100 c/s to 1000 kc. 

On the excitation of electromagnetic surface waves on a 
curved surface, J. R. Wait, IRE Trans. Ant. Prop. AP-8, 

U6 {I960). 

The excitation and propagation of surface waves on a spheri- 
cal inductive boundary is considered. The source is taken 
to be a vertical electric dipole. The circumferential attenu- 
ation rate of the various modes are discussed where it is 
indicated that the dominant mode is very similar to the 
trapped surface wave for a plane inductive boundary. The 
results appear to conflict with those of Barlow, but are in 
sympathy with some numerical data of Elliott for the cir- 
cumferential attenuation rate of the dominant mode. 

Carrier-frequency dependence of the basic transmission loss 
in tropospheric forward scatter propagation, K. A. Norton, 
/. Geophys. Research 65, 2029 {I960). 

A further interpretation is given of certain Lincoln Laboratory 
data obtained in) an experiment using scaled antennas as 
published by Bolgiano [1959], This paper has three objec- 
tives: (1) to consider the significance of these data as regard- 
the theory of radio propagation through a turbulent atmos- 
phere; (2) to describe a suitable method for the measuremeni 
of the meteorological parameters entering the theory; (3) to 
apply a further statistical analysis to these data. On the 
basis of this analysis of the Lincoln Laboratory data, it is 
concluded (1) thai the 

(2/rCu))(p/2)«/v'„(p) 

correlation model provides a description of tropospheric 
turbulence adequate for the description of these data with 
/i assigned the fixed value 1, and (2) that the variation of 
the carrier-frequency dependence of the basic transmission 
loss from hour to hour arises simply from a lack of correlation 
in the hourly median losses on widely separated carrier fre- 
quencies rather than front changes of /x in this correlation 
model. 

The use of geostationary satellites for the study of ionospheric 
electron content and ionospheric radio-wave propagation, 

O. K. Garriott and C. G. Little, ./. Geophys. Research 65, 
2025 (1960). 

This paper describes a proposed radio propagation experi- 
ment utilizing a geostationary satellite. The experimental 
methods for determining the total electron content of the 
ionosphere are discussed, and the advantages and capabilities 
of the methods are summarized. Other possible studies 
utilizing the satellite transmissions are also outlined. 

Photochemical rates in the equatorial F 2 region from the 
1958 eclipse, T. E. Van Zandt, R. B. Norton, and G. II. 
Stonehocker, J. Geophys. Research 65, 2003 (1960). 

The F 2 -region electron-density data from the eclipse on 
October 12, 1958, at Danger Islands has been analyzed with 
a new method. It is shown that (1) temperature changes and 
transport of electrons were probably negligible during the 
eclipse, and (2) the rate of photoionization q(h) and the 
linear recombination coefficient ('attachment coefficient') 
P(h) can be approximated between 290 km and 400 km by 

q{h)=SS{) exp [-(h— 300)/186] electrons cm^sec"" 1 

p(h)=Q.&X 10- 4 exp [- (ft-300)/103] sec" 1 



where the height h is measured in kilometers. The rate of 
formation of ion pairs between 290 and 400 km is (.76) 10 10 
ion pairs/cm 2 sec, or about (0.25) ergs/cm 2 sec. This implies 
a total rate of energy absorption in the F region of at least 
2 ergs/cm 2 sec. 

On the theory of the slow-tail portion of atmospheric wave- 
forms, J. R. Wait, J. Geophys. Research 65, 1939 (1960). 

The propagation of the slow-tail portion of atmospherics is 
considered from the waveguide-mode viewpoint. The 
source, which is a lightning discharge, is represented by a 
vertical dipole. The transient response of the distant electric 
field is then computed for various forms of the source current 
waveform. The results are then employed to reinterpret 
the experimental data of Hepburn. As suggested by the 
present theory it is found that the observed separation 
t s between the oscillatory head of the atmospheric and the 
maximum of the slow-tail amplitude varies with distance 
p to the source according to a law of the form 

(t.yi*=A+Bp. 

The const .nil A is related to the pulse width of the source, 
and the constant B depends on ionospheric parameters. 
Values of effective ionospheric conductivities deduced from 
the theory are consistent with earlier results for the VLF 
band. The influence of nonvertical currents in the discharge 
channel is also briefly discussed. 

VLF attenuation for east-west and west-east daytime propa- 
gation using atmospherics, W. L. Taylor, J. Geophys. Re- 
search 65, 1933 (1960). 

Daytime attenuation characteristics have been computed 
by comparing the amplitude spectra of atmospheric wave- 
forms recorded at four widely separated stations. The 
results of these attenuation measurements are presented 
for the band of frequencies from 3 to 30 kc/s and involving 
distances of 1000 to 10,000 km. Xonreciprocity is evident 
from this study. Attenuation rates over sea water for east- 
to-west propagation were about 3 db/1000 km greater for 
frequencies below 8 kc/s, and about 1 db/1000 km greater 
for frequencies above 10 kc/s, than for west-to-east propa- 
gation. East-to-wesi attenuation rates over land were 
about 1 db/1000 greater than for over sea water. 

Influence of earth curvature and the terrestrial magnetic 
field on VLF propagation, J. II. Wait and K. Spies, ./. Geophys. 
Research 65, 2325 (I960). 

An account is given of some recent work on the mode theory 
of VLF ionospheric propagation. Attention is confined to 
the behavior of the attenuation coefficient of the dominant 
mode. The ionosphere is assumed to be a sharply bounded 
and homogeneous ionized medium. It is indicated that 
earth curvature increases the attenuation rate by as much 
as a factor of 2 as compared with the corresponding atten- 
uation for a flat earth. The influence of the earth's magnetic 
field is also shown to be important. In fact, east-to-west 
propagation paths suffer much greater attenuation than 
west-to-east paths. The theoretical results in the present 
paper appear to agree well with the experimental data of 
W. L. Taylor. 

Rapid frequency analysis of fading radio signals, J. M. Watts 
and K. Davies, J. Geophys. Research 65, 2295 (1960). 

Examples of frequency analysis of fading radio signals for 
long periods of time are demonstrated, and the method of 
obtaining them is explained. They include both regular HF 
propagation and VHF ionospheric forward-scatter samples. 
The procedure is also useful for the analysis of other natural 
phenomena having long time scales and slow variations. 
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A study of 2-Mc/s ionospheric absorption measurements at 
high latitudes, K. Davies, J. Geophys. Research 65, 2285 
{I960). 

Ionospheric absorption (L) at high latitudes is studied using 
the published data on 2.0 Mc/s at five Canadian stations 
during 1957 and 1958. The seasonal and diurnal variations 
are considered, and it is found that a pronounced winter 
anomaly in noon absorption occurs at Churchill but not 
at Resolute Bay. The diurnal variations indicate that the 
dependence of absorption on solar zenith angle decreases 
with increase of latitude. The distribution of midnight 
absorption with latitude shows that, although the maximum 
occurs in the auroral zone, high absorption is also encoun- 
tered over the polar cap. A study of the duration of long- 
lasting blackouts shows that in summer the duration is 
longer as the latitude increases. 

On the excitation of electromagnetic surface waves on a 
curved surface, J. R. Wait, IRE Trans. Ant. Prop. AP-8, 
445 {I960). 

The excitation and propagation of surface waves on a spherical 
inductive boundary are considered. The source is taken to 
be a vertical electric dipole. The circumferential attenuation 
rates of the various modes are discussed where it is indicated 
that the dominant mode is very similar to the trapped 
surface wave for a plane inductive boundary. The results 
appear to conflict with those of Barlow, but are in sympathy 
with some numerical data of Elliott for the circumferential 
attenuation rate of the dominant mode. 

Diffractive corrections to the geometrical optics of low 
frequency propagation, J. R. Wait, Electromagnetic Wave 
Propagation {International Conference Sponsored by the 
Postal and Telecommunications Group of the Brusseh Uni- 
versal Exhibition), edited by M. Desirant and J. L. Michiels, 
p. 87-101 {Academic Press y New York, N.Y., 1960). 

The radiation fields are computed for an axial slot on a 
cylinder whose surface is regularly corrugated. The mathe- 
matical idealization is a magnetic line source on a cylindrical 
surface whose boundary impedance is specified. Special 
attention is given to surfaces whose radii of curvature are 
large compared to the wave-length. 

Radiation from a slot on a large corrugated cylinder, J. R. 

Wait and A. M. Conda, Electromagnetic Wave Propagation 
{International Conference Sponsored by the Postal and Tele- 
communications Group of the Brussels Universal Exhibition), 
edited by M. Desirant and J. L. Michiels, p. 103-109 {Aca- 
demic Press, New York, N.Y., 1960). 

The radiation fields are computed for an axial slot on a 
cylinder whose surface is regularly corrugated. The mathe- 
matical idealization is a magnetic line source on a cylindrical 
surface whose boundary impedance is specified. bpecial 
attention is given to surfaces whose radii of curvature are 
large compared to the wave-length. 

Atmospheric bending of radio waves, B. R. Bean, Electromag- 
netic Wave Propagation {International Conference Sponsored 
by the Postal and Telecommunications Group of the Brussels 
Universal Exhibition) , edited by M. Desirant and J. L. Michiels, 
p. 163-181 {Academic Press, New York, N.Y., 1960). 

Meteorological data from many diverse climates and seasons 
indicate that the refractive index gradient over the first kilo- 
meter above the earth's surface is highly correlated with the 
surface value of the refractive index. Further, 60% of the 
bending of radio rays passing completely through the earth's 
atmosphere is accomplished in the first kilometer above the 
earth's surface. These observations have led to the develop- 
ment of several models of the height distribution of the refrac- 
tive index that yield more realistic values of radio ray bending 
than the effective earth's radius approach and have the fur- 
ther advantage of being adjustable for any season or location 
for which standard surface weather observations are available. 



Low and medium frequency radio propagation, K. A. Norton, 

Electromagnetic Wave Propagation {International Conference 
Sponsored by the Postal and Telecommunications Group of the 
Brussels Universal Exhibition) , edited by M. Desirant and J. L. 
Michiels, p. 375-444 {Academic Press, New York, N.Y., 1960). 

During recent years, extensive progress has been made in un- 
derstanding the nature of ionospheric propagation in the fre- 
quency range from 30 to 1000 kc. In particular, Wait and 
Conda have developed suitable methods for determining the 
effect of the curvature of the earth on the illumination of the 
ionosphere by antennas radiating at angles near and below 
grazing incidence, Belrose has developed empirical formulas 
for ionospheric absorption in the range 70 to 250 kc, Watt has 
analyzed data which makes possible the extension of these 
formulas to still lower frequencies, and Bean has developed a 
radio standard tropospheric atmosphere which makes pos- 
sible good estimates of the bending of the radio waves in 
propagation to and from the ionosphere. Making use of these 
results, together with earlier studies made by the author of 
the absorption of radio waves in the band 540 to 1600 kc and 
some new results on focusing by the curved surface of a rough 
ionosphere, predictions are made of the propagation loss ex- 
pected in ionospheric propagation between short vertical 
electric dipoles for waves propagated by m reflections at the 
ionosphere. The predictions appear to be in general agree- 
ment with the available experimental data, although the 
paper clearly points up the desirability of more definitive 
studies of the influence of absorption and polarization, par- 
ticularly as regards the larger distances which involve propa- 
gation by more than one ionospheric reflection. The meth- 
ods in this paper indicate that the propagation loss increases 
only very slowly as the angle of departure approaches and 
goes well below grazing incidence with the earth; this pro- 
vides an explanacion for recent experimental data obtained 
with a pulse system as reported by Doherty which indicates 
very large intensities for one-hop sky waves on 100 kc both 
day and night at ranges up to 1800 miles. 



On the computation of diffraction fields for grazing angles, 

J. R. Wait and A. M. Conda, Electromagnetic Wave Propaga- 
tion {International Conference Sponsored by the Postal and 
Telecommunications Group of the Brussels Universal Exhibi- 
tion), edited by M. Desirant and J. L. Michiels, p. 661-670 
{Academic Press, New York, N.Y., 1960). 

The diffraction of electromagnetic waves by a convex cylindri- 
cal surface is considered. Attention is confined primarily to 
the region near the light-shadow boundary. The complex- 
integral representation for the field is utilized to obtain a cor- 
rection to the Kirchoff theory. Numerical results are pre- 
sented which illustrate the influence of surface curvature and 
polarization on the diffraction pattern. Good agreement 
with the experimental results of Bachynski and Neugebauer 
is obtained. 



The resonance excitation of a corrugated-cylinder antenna, 

J R. Wait and A. M. Conda, Inst. Elec. Engrs. Mono. 386E 
{June 1960). 

Radiation from an axial magnetic line or slot source on the 
surface of a corrugated cylinder is considered. It is indicated 
that the power radiated "in a given mode for the structure de- 
pends critically on the surface reactance and the circumfer- 
ence of the cylinder. In fact, for certain values of these 
parameters, particular modes are strongly excited and con- 
tain most of the radiated power. Numerical results are pre- 
sented for several interesting cases. 

The analysis is extended to an elliptic cylinder whose surface 
also possesses an inductive reactance. In order to facilitate 
the solution it is necessary to assume a special azimuthal vari- 
ation of the surface reactance. For the model as chosen, 
strong resonance characteristics are again obtained. This 
model may be adapted to study the problem of a corrugated 
panel on a flat metallic ground plane which is excited by a 
parallel slot source. 
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